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Establishing synaptic connections often involves
the activity-dependent withdrawal of off-target
contacts. We describe an in vivo role for temporally
patterned electrical activity, voltage-gated calcium
channels, and CaMKII in modulating the response
of Drosophila motoneurons to the chemorepellent
Sema-2a during synaptic refinement. Mutations
affecting the Sema-2a ligand, the plexin B receptor
(plexB), the voltage-gated Ca(v)2.1 calcium channel
(cac), or the voltage-gated Na(v)1 sodium channel
(mlenap-ts;tipE) each result in ectopic neuromuscular
contacts. Sema-2a interacts genetically with both
of the channel mutations. The cac phenotype is
enhanced by the Sema-2a mutation and is sup-
pressed by either plexB overexpression or
patterned, low-frequency (0.01 Hz) bouts of electrical
activity in the embryo. The calcium-dependent sup-
pression of ectopic contacts also depends on the
downstream activation of CaMKII. These results indi-
cate a role for patterned electrical activity and
presynaptic calcium signaling, acting through
CaMKII, in modulating a retrograde signal during
the refinement of synaptic connections.
INTRODUCTION
Neural connectivity depends on chemoattractive and chemore-
pulsive signals to guide axons to their synaptic targets. Early
neural circuits are often imprecise, requiring the removal of
off-target contacts through activity-dependent mechanisms
(reviewed by Kano and Hashimoto, 2009). Activity-dependent
refinement occurs in many contexts in vertebrate nervous
systems, with compelling evidence found for the developing
mammalian visual system (Eglen et al., 2003; Meister et al.,
1991; Nicol et al., 2007; Penn et al., 1994; Schmidt and Tieman,
1985; Stellwagen and Shatz, 2002; Wiesel and Hubel, 1963a,32 Neuron 68, 32–44, October 7, 2010 ª2010 Elsevier Inc.1963b; Wong, 1999; Wong et al., 1993). Other examples include
the Xenopus tectum, where visual activity regulates the addition
and removal of synapses (Aizenman and Cline, 2007; Akerman
and Cline, 2006). At the vertebrate neuromuscular junction
(NMJ), the ‘‘Hebbian’’ matching of pre- and postsynaptic activity
regulates the elimination of supernumerary junctions (Balice-
Gordon and Lichtman, 1994; Redfern, 1970; Sanes and
Lichtman, 1999, 2001).
Although a role for neuronal activity in shaping synaptic
connections was discerned over four decades ago (Wiesel and
Hubel, 1963a, 1963b), the mechanisms remain incompletely
resolved. A potential mechanism emerges from in vitro studies,
where the response of neurons to various chemotropic mole-
cules was found to be modulated by electrical activity
(Ming et al., 2001; Nicol et al., 2007). Here we examine this
idea in vivo by using a genetically tractable model synapse.
The activity involved in synaptic refinement is not limited to
sensory stimuli, but may also involve oscillatory activity in the
embryo. Low-frequency (<0.01 Hz) voltage oscillations occur in
the prenatal visual system (Catsicas et al., 1998; Meister et al.,
1991; Mooney et al., 1996; Sernagor and Grzywacz, 1996;
Wong, 1999; Wong et al., 1993), in the spinal cord (Gomez
et al., 2001; Gomez and Spitzer, 1999, 2000), and in motoneu-
rons (Hanson and Landmesser, 2004; Hanson et al., 2008).
Low-frequency voltage oscillations also occur in Drosophila.
Embryonic motoneurons fire bursts of action potentials at
100–200 s intervals during the last third of embryogenesis,
when NMJs are established and refined (Crisp et al., 2008;
Pereanu et al., 2007). Silencing electrical activity during this
period results in aberrant motoneuron contacts throughout the
body-wall musculature that develop into ectopic NMJs (Jarecki
and Keshishian, 1995; White et al., 2001a, 2001b; this study).
Each Drosophila motoneuron selects its target with high
fidelity through cell-specific responses to multiple muscle-ex-
pressed guidance cues (reviewed by Ruiz-Can˜ada and Budnik,
2006). Superimposed on these expression patterns is the pan-
muscular expression of globally acting chemoattractive and
chemorepellent molecules, which control the stability of the
correct neuromuscular innervation and repel off-target
contacts (Winberg et al., 1998). For example, all body-wall
muscles secrete the chemorepulsive molecule Semaphorin-2a
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contacts from off-target muscles (Matthes et al., 1995; Winberg
et al., 1998). The corresponding receptor, expressed by all
motoneurons and responsible for this response, is plexin B
(plexB; Ayoob et al., 2006; Hu et al., 2001). Similarly, the homo-
philic IgCAM fasciclin 2 is expressed at all embryonic NMJs, but
by contrast stabilizes synaptic contacts (Lin et al., 1994; Lin and
Goodman, 1994). Synaptic connectivity thus involves a balance
between multiple muscle-specific molecules that guide moto-
neuron growth cones to their correct targets, against a back-
ground of chemorepulsion mediated by panmuscularly
expressed Sema-2a (Winberg et al., 1998). Here we show that
this repulsion is modulated by low-frequency bouts of presyn-
aptic electrical activity, acting through calcium channels and
CaMKII.
Electrical activity plays a key role in thewithdrawal of off-target
motoneuron contacts. These contacts occur throughout the
musculature of animals paralyzed either with the Na channel
toxin tetrodotoxin or by mutations that affect the Na(v)1
voltage-gated Na channel, such as para ormlenap-ts;tipE (Jarecki
and Keshishian, 1995). The same phenotype occurs when depo-
larization is suppressed by the use of potassium current shunts
(White et al., 2001a, 2001b).
Ectopic contacts could arise through increased motoneuron
sprouting or, alternatively, through reduced motoneuron
pruning. There is good evidence that the latter mechanism is
involved. Miswired contacts associated with the loss of electrical
excitability are readily withdrawn when activity is restored,
provided it occurs within an early critical period (Jarecki and
Keshishian, 1995). Moreover, the increased presence of ectopic
NMJs in mutants of Sema-2a or its receptor plexB, described in
this paper, suggests that withdrawal involves chemorepulsion.
The ectopic contacts eventually mature into physiologically
functional synapses, with multiple presynaptic markers.
Here we show that bursts of action potentials spaced every
2–3 min are required presynaptically to prevent ectopic
contacts. By contrast, suppressing postsynaptic depolarization
has no effect on connectivity or refinement. The underlying
mechanism involves an activity-dependent modulation of the
neuron’s response to Sema-2a, acting through its presynaptic
receptor plexin B. The modulation depends on presynaptic
voltage-gated calcium channels, with CaMKII acting as a key
downstream effector in the neuron. The ectopic contact pheno-
type is suppressed by episodically activating calcium-perme-
able channels at a frequency and duration similar to the native
pattern of embryonic activity. The results provide an in vivo
demonstration of the role of patterned electrical activity in modu-
lating the neuron’s response to a chemotropic factor, and they
provide insight into the molecular mechanisms involved in
synaptic refinement.
RESULTS
Synaptic Refinement Depends on Presynaptic
Membrane Excitability
Loss-of-function (lof) mutations of para, the gene that encodes
the alpha subunit of the Drosophila voltage-gated Na(v)1
channel, result in electrically silenced and paralyzed embryos(Ganetzky, 1986; Hong and Ganetzky, 1994; Jarecki and
Keshishian, 1995). Electrical silencing of the embryo leads to
the appearance of ectopically placed motoneuron contacts
throughout the musculature (Jarecki and Keshishian, 1995;
White et al., 2001a, 2001b; shown schematically in Figure 1A;
see also Figures 2, 3, 5, and 6 for examples from both embryos
and larvae of ectopic contacts). Depolarization on either side of
the synapse can also be suppressed by expressing a re-engi-
neered potassium channel (electrical knockout [EKO]; White
et al., 2001b; see also Figure 1B). This also results in ectopic
motoneuron contacts, indistinguishable from those arising
from Na channel mutations (Figure 1B, bar 4, EKO presyn =
elavC155-Gal4;UAS-EKO; data shown for comparison are from
White et al., 2001b). By contrast, suppressing muscle depolar-
ization has no effect on connectivity (Figure 1B, bar 5, EKO post-
syn =MHC-Gal4;UAS-EKO). Thus, presynaptic depolarization is
required during embryogenesis to prevent off-target contacts by
motoneurons.
Earlier studies did not examine the effect of muscle silencing
postembryonically, because of the lethality of embryonic paral-
ysis. However, by expressing the EKO channel in muscle fiber
subsets we obtained partially paralyzed animals that survived
to the third larval instar. Up to six copies of the EKO transgene
were expressed in the ventral longitudinal muscle fibers 6 and
7 (Figure 1A, and Figure 1C inset). Expression of the GFP-tagged
EKO channel was confirmed by its fluorescence and quantified
by the measurement of the resulting EKO-mediated current,
using two-electrode voltage clamp. In abdominal segments A2
and A3, the magnitude of the outward EKO current in muscle
fiber 6 at +20 mV was 285 nA ± 5nA (mean ± standard error of
the mean [SEM], as determined by current subtraction; White
et al., 2001b). There was no effect on the number of ectopic
contacts for either of the EKO-expressing muscle fibers, nor
were ectopic contacts observed at a higher than control
frequency on neighboring muscle fibers (Figure 1C; 9% ± 3%
for EKO-expressing fibers versus 5% ± 3% for controls). This
confirms the results obtained with embryos (White et al., 2001b).
A Genetic Test of Candidate Genes Involved
in the Refinement of Connections
In vitro studies show that electrical activity can alter the response
of a growth cone to several chemotropic molecules (Ming et al.,
2001; Nishiyama et al., 2003). We therefore tested candidate
chemotropic molecules that might be involved in the ectopic
contact phenotype associated with Na channel mutants.
The heterozygous Na channel mutant mlenap-ts/+;tipE/+ does
not have a significant contact phenotype (Figure 1B). This sensi-
tized genetic background was used to test for genetic
interactions, where the partial loss of function of an interacting
gene (tested as the heterozygote) would lead to a dominant
enhancement of the mlenap-ts/+;tipE/+ phenotype. While such
genetic interaction tests demonstrate a functional relationship
between two genes, they do not necessarily imply that the corre-
sponding proteins interact directly. The genes tested included
the chemorepulsive molecules Sema-1a and Sema-2a, the
repulsive guidance receptor robo, and a component of the netrin
receptor, frazzled. The screen was performed in stage 17
embryos (Figure 2). Only Sema-2a/+ showed a geneticNeuron 68, 32–44, October 7, 2010 ª2010 Elsevier Inc. 33
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Figure 1. Ectopic Neuromuscular Contacts Arise after Presynaptic
but Not Postsynaptic Suppression of Depolarization
(A) The ventral body-wall muscle fibers and their innervation by the segmental
nerve b (SNb, also referred to as ISNb), segmental nerve d (SNd), and trans-
verse nerve (TN). The TN bypasses the ventral musculature, except for a
branch to muscle 25. Shown in red are typical locations of ectopic contacts
made ontomuscle fibers 6 and 7 after electrical silencing (Jarecki and Keshish-
ian, 1995). Anterior (ant) and ventral midline (vm) are indicated.
(B) Suppression of depolarization elevates the frequency of ectopic contacts in
stage 17 embryos. The frequency on muscle fibers 6 and 7 is less than 10% in
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34 Neuron 68, 32–44, October 7, 2010 ª2010 Elsevier Inc.interaction with the heterozygous Na channel activity mutations,
enhancing the ectopic contact phenotype in the triple heterozy-
gote (mlenap-ts/+ Sema-2a/+ tipE/+ 29% ± 4%, Figure 2E;
compared to Sema-2a/+ 11% ± 6%, and mlenap-ts/+;tipE/+
11% ± 4%, Figure 1B; see also Figures 2C and 2D for examples
of the ectopic contacts).
We next examined third-instar larvae to determine whether the
ectopic contacts observed in the embryos persist through larval
development (Figures 3A–3C). Consistent with the embryonic
results, both Sema-2a homozygote and Sema-2a/+ mlenap-ts/+
tipE/+ triple heterozygote larvae have increased ectopic
contacts (29% ± 5% and 30% ± 3%, respectively, compared
to the CS wild-type control of 8% ± 3%; Figure 3D). In addition,
hypomorphic mutations affecting the Sema-2a receptor plexB
had increased ectopic contacts (25% ± 4% compared to
11% ± 2% for the plexB/+ heterozygote; Figure 3D). Triple
heterozygotes of plexB/+withmlenapts /+; tipE/+were embryonic
lethal and not tested.
The Role of Presynaptic Calcium in Motoneuron
Refinement
Having established a genetic interaction between mutations that
affect neuronal excitability and the muscle-derived chemorepul-
sive molecule Sema-2a, we next sought to identify the effectors
downstream of electrical activity that are involved in the Sema-
2a phenotype. A compelling candidate is the calcium channel
encoded by cacophony (cac; Brooks et al., 2003; Kawasaki
et al., 2000, 2002, 2004; Rieckhof et al., 2003). The cac gene
encodes the pore-forming alpha subunit of the Ca(v)2.1
voltage-dependent calcium channel, which is expressed at the
active zones of motoneuron terminals (Kawasaki et al., 2002,
2004; Rieckhof et al., 2003). In addition to reducing evoked
transmission at the NMJ, cac mutants have defects in synaptic
growth (Rieckhof et al., 2003). These phenotypes are rescued
by presynaptic expression of a wild-type cac transgene, demon-
strating that cac functions in the motoneuron (Kawasaki et al.,
2002; Rieckhof et al., 2003). However, no evidence was shown
linking cac function to synaptic refinement.
Multiple alleles of cac were used to test whether third-instar
larvae have ectopic contacts. The cacNT27allele is a hypomorphic
allele with altered voltage gating, where a charged arginine
residue is mutated to a neutral cysteine within the S4 voltageCS wild-type embryos. Embryos homozygous for a Na channel loss-of-func-
tion genotype that suppresses excitability (mlenap-ts;tipE) have a higher
frequency of ectopic contacts compared to the CS wild-type. The frequency
of ectopic contacts in the lof heterozygotes (mlenap-ts;tipE/+) is not significantly
different from wild-type, a feature important for the genetic interaction screen.
Suppression of depolarization using a potassium shunt channel (EKO; data
for comparison are adapted from White et al., 2001b) results in a higher
frequency of ectopic contacts when expressed presynaptically (EKO presyn =
elavC155-Gal4;
UAS-EKO). By contrast, no effect was observed when EKO was expressed
postsynaptically (EKO postsyn = 24B-Gal4;UAS-EKO).
(C) The phenotype in third-instar larvae was examined after expression of up to
six copies of EKO to suppress membrane excitability. BG487-Gal4 was used
to drive expression in muscle fibers 6 and 7 (shown in the inset, four segments,
using an EGFP reporter; VM = ventral midline). No increase in ectopic contacts
was found despite the postsynaptic suppression of excitability.
For all data, the mean ± SEM are shown.
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Figure 2. Ectopic Contacts in Stage 17 Embryos
from a Genetic Interaction Test
(A) In heterozygous mlenap-ts;tipE/+ mutants, the trans-
verse nerve (TN) occasionally contacts the ventral longitu-
dinal muscle fibers 6 and 7 (arrows).
(B) Sema-2a mutant embryos make similar ectopic
contacts (arrows), but at a higher frequency.
(C and D) Sema-2a/+ mlenap-ts/+ tipE/+ triple heterozy-
gotes reveal a genetic interaction between the Na channel
activity mutations and Sema-2a.
(A–D) Motoneuron projections immunolabeled with anti-
fasciclin 2 in stage 17 embryos. The scale bar represents
16 mm in (A) and 10 mm in (B)–(D).
(E) None of the candidate genes tested in the screen
showed a genetic interaction with mlenap-ts /+;tipE/+ with
the exception of Sema-2a/+. *p < 0.05.
For all data, the mean ± SEM are shown.
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Semaphorin Repulsion and Synaptic Refinementsensor (Rieckhof et al., 2003). The cacNT27 homozygotes have an
elevated ectopic contact phenotype (42% ± 4% in cacNT27
versus 8% ± 3% in CS wild-type; see Figure 4A, bar 2: cacNT27;
see also Figures 5A–5E). Surprisingly, larvae heterozygous for
cac NT27 as well as the lethal allele cacL13 also had extensive
ectopic contacts (37% ± 3% for cacNT27/+, Figure 4A, bar 3;
31% ± 3% for cacL13/+, Figure 4B, bar 5). Thus, even with one
wild-type copy of cac, a marked defect in synaptic refinement
was observed, suggesting that regulation of calcium levels is
an important determinant of whether off-target contacts are
stabilized or withdrawn.
To determine whether cac function is required presynaptically
for proper refinement, we expressed a UAS-cac-RNAi construct
in neurons by using the inducible elav-GeneSwitch (GS) Gal4
pan-neuronal driver (Osterwalder et al., 2001). The UAS-trans-
gene expression depends on the presence of RU486 (mifepris-Neuron 6tone), allowing tests in animals with identical
genotypes. Compared to uninduced control
larvae, inducing expression of the UAS-cac-
RNAi in neurons led to an elevation in the
frequency of ectopic contacts (29% ± 3%;
Figure 4A, bars 5 and 6). Thus knocking down
cac function in neurons leads to errors of
refinement.
As a further test for a presynaptic role for
cac, we reintroduced a wild-type copy of cac
panneuronally in cacNT27 mutants to rescue
the ectopic contact phenotype. Expression in
neurons of UAS-cac in a cacNT27/+ background
reduced the frequency of ectopic contacts
to 19% ± 2% (compared to 37% ± 3% in
cacNT27/+ heterozygotes; Figure 4A, bar 3).
The partial rescue is probably due to themodest
cac expression levels reported for the UAS-cac
transgenic line (Rieckhof et al., 2003).
We also examined whether elevated neuronal
activity can suppress the ectopic contact
phenotype seen in cac mutants. The eag Sh
double mutation affects multiple potassium
channels in both neurons and muscle andresults in neuromuscular hyperactivity (Budnik et al., 1990;
Mosca et al., 2005; Zhong et al., 1992). These mutants were
crossed with cacNT27 or cacL13 to generate transheterozygotes.
Compared to either the cacNT27/+ or cacL13/+ heterozygotes,
the corresponding cacNT27/eag Sh or cacL13/eag Sh transheter-
ozygotes had a decrease in ectopic contacts (Figure 4B, bars
3–6). The interaction between neuronal hyperactivity mutations
and cac suggests that the ectopic contact phenotype observed
with reduced neuronal activity is probably due to reduced
calcium channel function.
We next asked whether calcium entry via cac was modulating
Sema-2a signaling with respect to the elimination of ectopic
contacts. This was examined by testing for a genetic interac-
tion between Sema-2a and cac. The mild hypomorphic cacS
allele has an ectopic contact frequency similar to that of control
larvae (14% ± 3% in cacS versus 8% ± 3% in WT; Figure 4C,8, 32–44, October 7, 2010 ª2010 Elsevier Inc. 35
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Figure 3. Sema-2a and plexin B Loss Of Function Result in Ectopic Contacts in Third-Instar Larvae
(A) Ectopic contacts on ventral longitudinal muscle fibers 6 and 7 are readily detected emerging from the transverse nerve (TN). They are present at < 10%
frequency in CS wild-type larvae.
(B and C) Ectopic contacts (arrows) on muscle 6 in (B) Sema-2aex59 and (C) plexBKG00878 third-instar larvae. Anti-HRP immunolabeling. The scale bar represents
25 mm.
(D) Ectopic contact frequency in CS wild-type, Sema-2aex59, Sema-2aex59/+, and Sema-2aex59/+ mlenap-ts/+ tipE/+ larvae. Also shown are results from
plexBKG00878 and plexBKG00878/+ larvae. **p < 0.005.
For all data, the mean ± SEM are shown.
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Semaphorin Repulsion and Synaptic Refinementbar 2: cacS). This allowed for genetic interaction tests with
Sema-2a. As cac is on the X chromosome, by sexing the larvae
we collected Sema-2a/+ heterozygotes with two levels of cac
loss of function. Heterozygous cacS/+;Sema-2a/+ females retain
a wild-type copy of the cac gene, and accordingly had a modest
increase in ectopic contacts to 22% ± 2%. By contrast, the
hemizygous males (cacS/Y;Sema-2a/+) lack the wild-type copy
and thus have a more severe phenotype (30% ± 4%; Figure 4C,
bars 4 and 5). These results support the hypothesis that cal-
cium signaling modulates the response of the motoneuron to a
muscle-derived Sema-2a repulsive signal.
A plausible hypothesis to explain these results is that calcium
regulates the motoneuron’s response to Sema-2a. Thus, the
reduced calcium current of the cac mutation would downregu-
late signaling, either mediated by the plexin B receptor or in
a parallel pathway. As a result of the reduced response to
Sema-2a, the neurons would be less likely to withdraw off-target
contacts. We asked whether elevated presynaptic expression of
the plexin B receptor might suppress the ectopic contact pheno-
type of cac mutants. To control for genetic background effects,
we employed the GeneSwitch inducible system to drive expres-36 Neuron 68, 32–44, October 7, 2010 ª2010 Elsevier Inc.sion of UAS-plexB in the cacNT27/+ heterozygous mutant back-
ground (Figure 4D). In the uninduced state, we observed a
28% ± 4% frequency of ectopic contacts on muscle fiber 6
and 7 in third-instar larvae (Figure 4D, bar 2). In larvae with plexin
B expression induced by RU486, the frequency fell to 8% ± 2%
(Figure 4D, bar 3), showing a suppression of the ectopic contact
phenotype to wild-type levels (Figure 4D, bar 1). This supports
the view that the plexin B signal transduction pathway is regu-
lated by presynaptic calcium entry through voltage-gated cac
channels. The calcium-dependent modulation might be due to
changes in the levels or function of the receptor itself or one or
more of the effectors downstream of plexin B.
To test whether plexB expression itself is regulated by neural
activity, we used RT-PCR to detect changes of plexB transcript
levels in stage 17 homozygous cacNT27 embryos, as compared
to WT (Figure 4D, inset). This stage corresponds to the critical
period when neural activity is required for synaptic refinement
(Jarecki and Keshishian, 1995; White et al., 2001b). Using the
level of panneurally expressed elav transcript as a control for
mRNA recovery, we observed no difference in plexB transcript
levels between the embryos of the two genotypes.
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Figure 4. Loss of Function of the Voltage-Gated CalciumCacophony
Channel Leads to Ectopic Contacts
(A) Ectopic contacts occur with increased frequency in both homozygous and
heterozygous cacNT27 third-instar larvae. The phenotype is partially rescued
by presynaptic expression of the wild-type cac transgene (cac rescue =
elavc155-Gal5;UAS-cac). The cac phenotype is phenocopied by presynaptic
knockdown of cac using the RNAi transgene, driven with an inducible
elav-GS-Gal4 driver. The uninduced and RU486-induced RNAi expression
effects are compared (bars 5 and 6).
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channel might affect cell adhesion at the developing synapses.
There is a genetic interaction between Sema-2a and the moto-
neuron-expressed IgCAM fasciclin 2 (fas2; Winberg et al.,
1998). Furthermore, as fasciclin 2 is involved in the stabilization
of neuromuscular contacts, we examined whether there are
genetic interactions between cac and fas2. Since fasciclin 2
functions as a cell adhesion molecule (Lin et al., 1994), and
elevated expression of fasciclin 2 in muscle can result in an
ectopic contact phenotype (Davis et al., 1997; Winberg et al.,
1998), we hypothesized that reduced fasciclin 2 levels would
suppress the cac phenotype by destabilizing ectopic contacts.
The fas2EB112/+ mutation reduces fasciclin 2 levels by 50%,
without otherwise disrupting NMJ formation (more severe fas2
mutations destabilize all NMJs). The ectopic contact frequency
in the double mutant was not significantly different from the
cacNT27 heterozygote (fas2EB112/cacNT27 transheterozygotes,
44% ± 4%, as compared to cacNT27/+, 37% ± 3%). This result
supports the view that electrical activity functions specifically
in the chemorepellent pathway mediated by Sema-2a.
Functional Properties of the Ectopic Contacts
We next examined whether the ectopic contacts associated with
reduced cac function are indeed functional synapses, as was
previously found for the ectopic contacts that arise after muscle
denervation (Chang and Keshishian, 1996). The ectopic contacts
sharemany of the features of the native NMJs, including synaptic
boutons of type Ib and Is morphology (Figures 5A and 5B,
arrows). The ectopic contacts also express fasciclin 2, an IgCAM
that is normally expressed by embryonic motoneurons at the
NMJ (Figures 2A–2D).
We find that in addition to fasciclin 2, the ectopic contacts
express molecules associated with the presynaptic release
machinery, including the vSNARE vesicle-associated protein
synaptotagmin (Figure 5C), as well as the active-zone-associ-
ated ELKS/CAST protein bruchpilot (Figure 5D; Kittel et al.,
2006; Wagh et al., 2006). To test whether there are func-
tional glutamate receptors at the ectopic sites, we vitally
labeled cacNT27 motor endings of third-instar larvae to visualize
the ectopic contacts (Figure 5E). Using focal glutamate(B) The hyperactivity mutations eag1 Sh133 partially suppress the elevated
ectopic contact frequency observed in both cacNT27 and cacL13 mutants.
(C) Sema-2a genetically interacts with cacS, a weak hypomorphic allele of cac.
The cacS homozygote and theSema-2a heterozygote have ectopic contacts at
frequencies similar to CS wild-type larvae. However, the cacS/+;Sema-2a/+
double heterozygote female larvae have an elevated ectopic contact
frequency. Male larvae, being hemizygous for cacS, have a more severe
phenotype than the heterozygous females, with elevated ectopic contact
frequency. *p < 0.05, **p < 0.005.
(D) The ectopic contact phenotype due to cac is suppressed by elevated
plexin B expression in the neuron. GeneSwitch expression was used to
drive UAS-plexB presynaptically in a cacNT27/+ background (cacNT27/+;;
UAS-plexB / ElavGS-GAL4, UAS-CD8:GFP). RU486 induction (bar 3) fully sup-
pressed the cac phenotype (bar 2) to wild-type levels (bar 1); **p < 0.0001. The
inset shows no change in the expression of plexB transcript between the CS
wild-type and cacNT27 mutant embryos, as determined by RT-PCR. Levels of
the panneurally expressed elav transcript were monitored as a control for
mRNA recovery.
For all data, the mean ± SEM are shown.
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Figure 5. Morphology and Functional Characterization of Ectopic
Contacts
(A and B) Ectopic contact morphology in (A) cacNT27 and (B) cacL13/+mutants.
The scale bar represents 25 mm. Arrows indicate type Ib and Is boutons on the
ectopic contacts.
(C and D) In cacNT27, the ectopic contacts contain (C) the vesicular vSNARE
protein Synaptotagmin (syt in red), as well as (D) the active-zone-associated
protein bruchpilot (brp in red). The motoneuron endings, labeled with anti-
HRP, are shown in blue. The scale bar represents 20 mm.
(E) An ectopic contact in a cacNT27 background revealed vitally with a fluores-
cently conjugated anti-HRP antibody for focal glutamate iontophoresis. The
arrow indicates the position of the glutamate-containing electrode. The scale
bar represents 10 mm.
(F) Postsynaptic responses upon focal glutamate release from the electrode at
increasing levels of iontophoretic current (traces 1–3).
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Semaphorin Repulsion and Synaptic Refinementiontophoresis, we observed glutamatergic potentials that were
dependent on the placement of the glutamate electrode to within
1 mm of the boutons and whose amplitude scaled with the
amount of iontophoretic current (Figure 5F). This demonstrates
that functional receptor sensitivity to glutamate is tightly local-
ized opposite the ectopic contact, similar to the case for native
terminals (Johansen et al., 1989). By contrast, using available38 Neuron 68, 32–44, October 7, 2010 ª2010 Elsevier Inc.antibody probes we could detect neither the postsynaptic
adaptor protein Dlg nor dGluRIIA/IIC receptor subunits at the
ectopic sites, despite robust labeling at the native synapses
(not shown). Thus, although the ectopic contacts have functional
properties and express presynaptic active-zone-associated
proteins, they may not have normally organized postsynaptic
machinery.
CaMKII Is a Downstream Effector of Calcium Signaling
Involved in Synaptic Refinement
Having demonstrated a requirement in the presynaptic terminals
for cac in normal synaptic refinement, our focus shifted to iden-
tifying the downstream molecule(s) activated by calcium entry
that might influence synaptic pruning. A likely candidate is the
calcium/calmodulin-dependent protein kinase type II (CaMKII),
which is expressed on either side of the synapse and is involved
in several forms of synaptic plasticity in this system (Griffith,
1997; Haghighi et al., 2003; Jin et al., 1998).
In order to suppress CaMKII function in a cell-specific fashion,
we targeted both the inhibitory ‘‘ala’’ peptide and the CaMKIIN-
tide transgene to either side of the synapse (Griffith et al., 1993;
Haghighi et al., 2003; Jin et al., 1998). We first examined the
effect of expressing the ala inhibitory peptide with drivers that
have two levels of expression. Using elav-Gal4, a panneuronal
driver of relatively modest expression, we observed an elevation
in the frequency of ectopic contacts (23%± 3% versus 8%± 3%
in WT; Figure 6C). This frequency increased substantially with
a stronger driver, elavC155-Gal4 (44% ± 3%; Figure 6C). The
same driver was used to express CaMKIINtide presynaptically
and revealed a similar phenotype to that observed with ala
expression (Figure 6C). The ectopic contacts associated with
reduced CaMKII function were similar to those of Sema-2a,
plexB, cac, and mlenap-ts;tipE mutants (Figures 6A and 6B). The
parental lines were also tested as controls and had no significant
elevation of ectopic contacts (Figure 6C, bars 2, 4, 6, and 8).
A presynaptic dependence for CaMKII was tested by express-
ing the inhibitory ala peptide postsynaptically in muscles using
the panmesodermal 24B-Gal4 driver. In contrast to the presyn-
aptic effects, the resulting ectopic contact frequency of 11% ±
2% was comparable to that of controls (8% ± 3%), indicating
that inhibition of CaMKII in the muscle, as opposed to the moto-
neuron, has no significant effect (Figure 6C, bar 3).
CaMKII could function downstream of cac to phosphorylate
specific effectors. However, since CaMKII can also affect excit-
ability (Haghighi et al., 2003; Wang et al., 1994) and can bind
directly to mammalian Ca(v)2.1 channels (Jiang et al., 2008),
the ectopic contact phenotypemight be due to changes in neural
activity, and thus be upstream of cac. However, evoked trans-
mission and spontaneous activity at the NMJ in animals where
CaMKII was inhibited presynaptically by expression of the ala
peptide were found to be unaffected (not shown), supporting
the view that CaMKII acts downstream of neuronal activity and
cac function (Figures 6A–6C).
In order to place CaMKII downstream of cac, we suppressed
the elevated frequency of ectopic contacts seen in cacNT27 by
expressing a constitutively active form of CaMKII in motoneu-
rons. The transgenic line, UAS-CaMKIIT287D, contains a substitu-
tion of threonine at position 287 to aspartate, which mimics
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Figure 6. CaMKII Function Is Required for
Normal Connectivity
(A and B) Inhibition of CamKII by presynaptic
expression of the ala peptide results in ectopic
contacts on muscle fibers 6 and 7. (A) and (B)
compare the moderately expressed panneural
elav-Gal4 driver to the more strongly expressed
elavc155-Gal4 driver. The scale bar represents
25 mm.
(C) Ectopic contact frequency after expression of
the ala inhibitor. Only presynaptic inhibition of
CaMKII results in an increase in ectopic contacts.
The stronger driver, elavc155-Gal4, further elevated
the ectopic contact frequency. A similar effect
was observed with presynaptic expression of the
CaMKIINtide inhibitor.
(D) Expression of a constitutively active CaMKII
(UAS-CaMKIIT287D) in a cacNT27 mutant back-
ground suppresses the ectopic contact phenotype
(cacNT27/+;UAS-CaMKIIT287D/+;elav-GS-Gal4, UAS-
CD8-GFP/+). **p < 0.005.
For all data, the mean ± SEM are shown.
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Semaphorin Repulsion and Synaptic Refinementphosphorylation in the autoinhibitory domain, and renders CaM-
KII constitutively active (Jin et al., 1998; Wang et al., 1998).
Expression of the transgene resulted in a 50% reduction in
the ectopic contact frequency of cacNT27 (41% ± 3% versus
20% ± 2% for uninduced compared to induced larvae; Fig-
ure 6D, bars 3 and 4). Larvae with the same genotype, but
without RU486 induction, had an ectopic contact frequency
similar to the cacNT27 heterozygous mutants (37% ± 3% versus
41% ± 3%, respectively; Figure 6D, bars 2 and 3). This positions
CaMKII in the same signaling cascade as cac during neuromus-
cular refinement.
Role of Periodic Activity in Governing Synaptic
Refinement
Embryos exhibit periodic bouts of motoneuron activity every 2–
3min (Crisp et al., 2008; Pereanu et al., 2007).We testedwhether
a similar pattern of motoneuron activity would suppress the
ectopic contact phenotype of cac. The dTrpA1 gene encodesNeuron 68, 32–4a temperature-regulated channel respon-
sible for warmth sensing in Drosophila.
The channel is permeable to mixed
cations, including calcium (Hamada
et al., 2008). The dTrpA1 channel was
expressed in embryonic neurons and
activated by temperature shifting the
embryos in a PCR machine, from 18C
(where the channel is closed) to 28C
(where it is open; Pulver et al., 2009).
This was done during the critical period
for synaptic refinement (stages 16 and
17; Jarecki and Keshishian, 1995). The
animals were then transferred to agar
plates and reared at RT through the third
larval instar. Figure 7A shows the induc-
tion of EJPs in a cacNT27 larva, tempera-
ture shifted from 26.5 to 28.5C.
Figure 7B shows the observed temperatures within the PCR
tube during a 1:10 duty cycle of 15 s at 28C, followed by
150 s at 18C, to emulate the WT frequency of embryonic neuro-
muscular activity (Pereanu et al., 2007). Figure 7C shows the
suppression of the ectopic contact phenotype due to cacNT27/+,
as scored in third-instar larvae, when dTrpA1 is activated with
the appropriate pattern. Embryos expressing the channel but
without activation (i.e., held at a constant RT during develop-
ment) showed no effect (first pair of bars). The effect of episodic
(1:10 duty cycle) activation of dTrpA1 was next examined with
two patterns of activity. A cycle of 15 s at 28C, followed by
150 s at 18C, resulted in a reduction in ectopic contacts (second
pair of bars). By contrast, a cycle of 30 s at 28C, followed by
300 s at 18C, failed to suppress ectopic contacts (third pair of
bars). Thus the episodic activation of a Ca-permeable channel
in embryonic neurons, at a frequency that emulates the WT
pattern of electrical activity, effectively promotes the withdrawal
of off-target motoneuron contacts. These observations are4, October 7, 2010 ª2010 Elsevier Inc. 39
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Figure 7. Low-Frequency Activation of Electrical Activity Is Suffi-
cient to Promote Synaptic Refinement
(A) The dTrpA1 channel provides a conditional temperature-sensitive perme-
ability tomixed cations (including Ca) and was expressed in cac heterozygotes
with the panneural elav GeneSwitch driver (cacNT27/+; UAS-dTrpA1/+; elav-
GS-Gal4, UAS-CD8-GFP/+). The trace shows EJPs recorded from muscle
fiber 6 in a third-instar larva, evoked as the temperature ramped from 26.5
to 28.5C. The activation temperature closely matches the reported 27C
value (Pulver et al., 2009).
(B) Embryos were immersed in halocarbon 700 oil in PCR tubes and temper-
ature were cycled in a PCR machine as shown. This pattern emulates the
episodic bouts of neuromuscular activity that occur in embryos.
(C) Temperature cycling dTrpA1-expressing embryos suppresses the
ectopic contact phenotype of cacNT27/+ mutants. As the dTrpA1 channel
was expressed with the RU486 inducible elav-GS-Gal4 driver, animals of
identical genotype and temperature cycling are compared, differing by their
expression of dTrpA1. Embryos were cycled in a PCR machine from stage
16 until hatching, followed by larval development on agar plates at RT.
Bars 1 and 2 show no difference in ectopic contacts in cacNT27/+ larvae
without (white) or with (gray) RU486 dTrpA1induction when held at RT.
Bars 3 and 4 compare the suppression of ectopic contacts in animals cycled
with a 1:10 duty cycle, of 15 s at 28C followed by 150 s at 18C (as in B),
either in the absence (white) or in the presence (gray) of RU486 induction of
dTrpA1, where a suppression of the cacNT27/+ phenotype results. Bars 5 and
6 show the same experiment and duty cycle, but with a pattern of 30 s
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40 Neuron 68, 32–44, October 7, 2010 ª2010 Elsevier Inc.consistent with a model where brief bouts of depolarization and
calcium entry, with a 1–3 min interval of quiescence, are suffi-
cient to regulate the responsiveness of the motoneuron to retro-
grade chemorepulsion.
DISCUSSION
At the larval NMJ, electrical activity affects synaptic connectivity
(Jarecki and Keshishian, 1995; White et al., 2001b; this study),
motoneuron terminal size (Ataman et al., 2008; Budnik et al.,
1990; Zhong et al., 1992; Zhong and Wu, 2004), and synaptic
homeostasis (Davis et al., 1997, 1998; Dickman and Davis,
2009; Frank et al., 2009; Paradis et al., 2001). A possible effector
downstream of activity for each of these phenomena is calcium,
entering the cell through voltage-gated ion channels.
We show that the voltage-gated calcium channel encoded by
the cac gene is critically involved in the activity-dependent
refinement of connections at the Drosophila NMJ. Mutations of
cac have an ectopic contact phenotype similar to those for muta-
tions affecting Na channels, Sema-2a, or plexin B, or due to inhi-
bition of CaMKII. Our data provide genetic evidence for a mech-
anismwhere episodic activation of a voltage-dependent calcium
influx regulates the motoneuron’s response to the retrograde
chemorepellent Sema-2a. A likely player in this modulation is
the Ca-dependent kinase CaMKII, where loss of function in the
motoneuron results in an ectopic contact phenotype as severe
as that seen with the cac mutations.
Semaphorin Signaling and CaMKII
The receptor plexin B and its downstream signaling cascade are
the likely targets of the molecules that modulate the response to
Sema-2a. The ectopic contact phenotype due to loss of cac
function is suppressed by increased expression of plexB in
the motoneuron. This suggests that in cac mutants there are
reduced levels and/or activity of plexB (or possibly changes
affecting its downstream effectors). However, our RT-PCR
experiments show that loss of function of cac does not alter
plexB transcript levels. Nevertheless, presynaptic electrical
activity and calcium entry through the cac channel may regulate
plexB posttranscriptionally. The regulation could include acti-
vating and/or recruiting kinases that phosphorylate the plexB
receptor or its complex (Giordano et al., 2002). Also, receptor
localization may also be dynamically regulated, as activation
of the GTPase Rac targets PlexB1 to the membrane (Vikis
et al., 2002). Moreover, proteolytic cleavage of PlexB1 enhances
the receptor’s response to its ligand Sema-4D (Artigiani
et al., 2003). The cleavage site is conserved in the Drosophila
plexB protein (personal communication, J. Cho, J. Ayoob, and
A. Kolodkin). Activity could also act on proteins downstream of
the plexB receptor.
We found that elevated expression of CaMKII in the moto-
neuron suppressed the ectopic contact phenotype of cac, indi-
cating that CaMKII operates downstream of the channel. While
a putative plexB signaling cascade has been proposed forat 28C followed by 300 s at 18C, with no suppression observed.
**p < 0.007; ***p < 0.0003.
For all data, the mean ± SEM are shown.
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proteins are directly dependent on CaMKII for its function.
To test these ideas in the future, key reagents (such as antibody
probes) for biochemical tests examining the posttranslational
modification of the signaling molecules in the plexB pathway
would need to be developed.
Synaptic Activity and Refinement
Synaptic refinement often depends on an activity-dependent
Hebbian matching mechanism. Competition favors neurons
with strong synaptic drive, which evoke synchronous pre- and
postsynaptic action potential activity (reviewed in Kano and
Hashimoto, 2009; see also Katz and Shatz, 1996; Stent, 1973).
Although the ectopic contacts we observed are probably func-
tional, based on the expression patterns of synaptic proteins
and physiological tests, it is unlikely that a competitive mecha-
nism is involved in their removal. Normal connectivity still occurs
when muscle depolarization in blocked in the embryo, ruling out
a synchronous, activity-matching mechanism (Jarecki and
Keshishian, 1995; White et al., 2001b; this study). This is also
consistent with a study that found no synaptic competition at
the Drosophila NMJ (Cash et al., 1992). Instead, we propose
that episodic neural activity is involved in a synaptic target selec-
tion mechanism.
We succeeded in suppressing the ectopic contact phenotype
by periodically activating dTrpA1 channels (which are permeable
to Ca). Significantly, the rescue depended on using a pattern
similar to that observed in the embryo. Thus 15 s of activation
followed by 150 s of rest was effective, while 30 s of activation
followed by 300 s of rest was not, although the total amount of
time at both temperatures was the same for both cases. Thus,
normal synaptic refinement functions effectively when calcium
levels oscillate on a 2–3 min timescale. Given our observation
that calcium signaling modulates the responsiveness of the
motoneuron to retrograde Sema-2a signals, we favor a model
where naturally arising calcium oscillations periodically alter
the motoneuron’s response to the chemorepellent. We propose
that episodic electrical activity is a strategy used by growth
cones to manage a response to seemingly contradictory guid-
ance cues. Thus, the neuron’s response to retrograde chemore-
pellents such as Sema-2a would rise and fall with the periodic
bouts of electrical activity that drive calcium entry.
Motoneuron growth cone filopodia extend and withdraw on
timescales ranging from1 to 10min (Keshishian et al., 1993;Mur-
ray et al., 1998). When the neuron is electrically quiet, a reduced
response to Sema-2a would favor exploratory contacts. With
electrical activity the transient responsiveness to Sema-2awould
bias filopodial withdrawal from off-target muscles, where there
is less chemoaffinity than for the target muscles. This would
promote the progressive refinement of the motoneuron projec-
tions. There is precedence for a rapidmodulation of chemotropic
signal processing in vertebrate neurons. Episodic changes in
electrical activity and cAMP levels are essential for proper Eph-
rinA responses by retinal growth cones, as was found for explant
cultures of the superior colliculus (Nicol et al., 2007).
The general significance of this mechanism will require further
tests in vivo. It is also possible that chemoattractive signals are
also regulated in an activity-dependent and episodic fashion.Temporal modulation of chemotropism would add an additional
layer of mechanistic control over axon guidance and synaptic
refinement.
EXPERIMENTAL PROCEDURES
Drosophila Stocks
We thank the following for stocks and reagents: V. Budnik, U. Mass. Medical
School, Worcester, MA: (1) BG487 Gal4. Drosophila Stock Center, Blooming-
ton, IN: (1) cn1 P{ry+t7.2 = PZ} Sema-2a03021/CyO; ry506. (2) y1 w67c23; P{w+mC =
lacW}camk04213/CyO. (3) wa Nfa-g; rho1E3.10/CyO. P. Garrity, Brandeis U., Wal-
tham, MA: UAS-dTrpA1. C. Goodman UC Berkeley, CA: (1) fra3/CyO, Wg-b-
gal. (2) fra4/CyO, Wg-b-gal. (3) roboZ570/CyO. 4) roboZ1772/CyO. 5)
roboGA285/CyO. L. Griffith, Brandeis U., Waltham, MA: (1) UAS-ala. (2) UAS-
CaMKIIT287D. (3) UAS-CaMKIINtide. A. Kolodkin, Johns Hopkins Med. School,
Baltimore, MD: (1) Sema-1aP1/CyO, elav-b-gal. (2) Sema-2aex59/CyO,Act[5C] -
b-gal. (3) plexBKG00878/spa-pol. 4) UAS-plexB. T. Littleton, MIT, Cambridge,
MA: cacNT27. R. Ordway, Penn State, State College, PA: (1) cacL13/FM7i-
GFP. (2) cacS. (3) UAS-cac1-EGFP-786C. The ViennaDrosophilaRNAi Center,
Vienna, Austria: (1) w1118; UAS-cac-RNAi/CyO. The wild-type control was
Canton S. Embryos lacking a b-gal balancer were rebalanced with either
(1) CyO, elav b-gal or (2) CyO, Wg b-gal. GeneSwitch inducible drivers were
activated by either raising larvae on food containing 2.5 or, for embryonic
induction, by feeding the parents 10 mg/ml mifepristone for 4 days prior to
egg collection (RU486; Osterwalder et al., 2001).
Immunolabeling of Embryos and Larvae
Embryos from 2 hr egg lays were raised at 25C for 16 hr to reach late stage
16/early stage 17 (Campos-Ortega and Hartenstein, 1997). They were dechor-
ionated in 50% laundry bleach for 2.5 min and fixed for 25 min in a 1:1 mix of
heptane:4% paraformaldehyde. Both layers were replaced with a 1:1 mix of
methanol:heptane and vortexed to devitellinize. After a methanol wash, the
embryos were stored at –20C prior to immunolabeling.
Embryos were rehydrated in steps with a mix of PBTween (PBS + 0.1%
Tween 20) and methanol in ratios of 1:3, 1:1, and 3:1 and then washed in
PBTween. PBTween + 1% bovine serum albumin was used for blocking.
Embryos were incubated overnight at 4C with both fasciclin 2 monoclonal
antibody 1D4 and anti-beta galactosidase. Embryos were washed with
PBTween, blocked with PBTween + 2% secondary antibody-specific serum,
and incubated in secondary antibody for 2 hr at room temperature. Labeling
was revealed with an ABC amplification kit (Vectastain) using diaminobenzi-
dine. After whole-mount immunolabeling, the embryos were made to adhere
to a thin film of glycerol on a slide. Incisions were made with micropipettes
at the posterior and anterior ends. The embryo was then dorsally incised
and the body wall reflected. The viscera were removed and the specimen
secured with a coverslip.
Larvae were fillet dissected as previously described (Johansen et al., 1989),
fixed in 4% paraformaldahyde for 1 hr, and washed in PBS. Primary antibodies
were diluted in PBS with 0.3% Triton X-100 (TBS). Larvae were labeled with
anti-HRP (Jackson Lab); anti-discs large (V. Budnik, U. Mass. Medical Center);
synaptotagmin (H. Bellen, Baylor College of Medicine, Houston, TX); anti-
Fas2, anti-bruchpilot, and dGlurIIA monoclonal antibodies (Iowa Hybridoma
Stock Center); and dGlurIIC (A. DiAntonio, Washington U., St. Louis, MO).
Secondary antibodies used were either HRP- (Jackson Lab), Alexa488-,
Alexa568-, or Alexa647-conjugated (Molecular Probes). HRP labeling was
revealed by diaminobenzidine reaction with an ABC kit (Vectastain). Confocal
imaging of fluorescent preparations was with either a Zeiss 510 Meta or a Bio-
Rad 1024 confocal microscope, with Imaris image processing software (Bit-
plane, Zurich, Switzerland). The scoring and statistical analysis of ectopic
contactsmade onto the ventral longitudinal muscle fibers 6 and 7was as previ-
ously described (Jarecki and Keshishian, 1995). Data are presented as mean ±
SEM, with significance by t test.
Electrophysiology
Single-electrode recordings of excitatory junction potentials were performed
with 20–30MU sharpmicroelectrodes filled with 3M KCl. Motoneuron-specificNeuron 68, 32–44, October 7, 2010 ª2010 Elsevier Inc. 41
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Semaphorin Repulsion and Synaptic Refinementexcitation of the ventral longitudinal muscle fibers was with 2 mm suction elec-
trodes placed at the nerve branch locations described by Lnenicka and
Keshishian (2000). Physiological saline contained (in mM) NaCl 140, KCl 5,
CaCl2 1, NaHCO3 4, MgCl2 6, TES 5, trehalose 5, and sucrose 50 (pH 7.2).
Two-electrode voltage-clamp recording of EKO currents was performed in
the above saline, modified by omitting CaCl2 and adding 0.5 mM EGTA to
block all inwardCa currents. Recordingsweremadewith aDagan 8500 voltage
clamp, using a –80 mV holding potential, with command potentials stepped in
10 mV increments to +30 mV. For the current subtraction measurements,
4 mM 4-aminopyridine was used to block the EKO current (Mosca et al.,
2005; White et al., 2001b). All data were collected and analyzed with pClamp
9 software (Axon Instruments). Iontophoresis of glutamate at synaptic con-
tacts was performed with motor endings vitally revealed by incubation for
1 hr at room temperature with FITC-labeled anti-HRP, diluted 1:100 in saline,
followed by a 30min wash in fresh saline (Chang and Keshishian, 1996; Johan-
sen et al., 1989).
RT-PCR
Dechorionated stage 17 embryos of WT and cacNT27 genotypes were frozen
on dry ice and homogenized in Trizol (Invitrogen), and total RNA was purified
according to the manufacturer’s instructions. Four independent RNA extrac-
tions were done for each genotype. cDNA was generated from 1 mg of total
RNA with an oligo (dT)18 primer and Superscript II (Invitrogen). PCR primers
include elav primers (50 end) 50-TAATGCTGCCCA ATGGACTAGGAGC-30
and (30 end) 50-GGTGCTGCAGGTCAGCTTCAAGACCAACAAA-30 and plexB
primers (50 end) 50-TTTCTCTATGAGGCCATCTGTAAAC-30 and (30 end)
50-ATTGAAATGCTGGTGATCCTCCG-30.
Manipulation of Oscillatory Activity
Stage 16 embryos (Campos-Ortega and Hartenstein, 1997) of the genotype
cacNT27/+; UAS-dTrpA1/+; elav-GS-Gal4, UAS-CD8GFP/+ were collected at
18C. Control of dTrpA1 expression in embryos by RU486 induction was as
described above. Approximately fifty eggs were pooled in a PCR tube contain-
ing 20 ml of Halocarbon 700 oil (Halocarbon Products Corp., River Edge, NJ,
USA), and cycled in a PCR machine between 18 and 28C until hatching
(18.5 hr), followed by rearing at RT until third instar. Cycles of 15 s at 28C
followed by 150 s at 18C or of 30 s at 28C followed by 300 s at 18C were
used (Figure 7B). Control embryos without RU486 exposure underwent the
same temperature cycling. EJPs were recorded from the ventral longitudinal
muscle 6 in segments A2–A4 of filleted third-instar animals. A manifold perfu-
sion system was used to deliver cooled or heated saline, monitored by a ther-
mocouple mounted next to the animal.
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